We have used all-electron local ͑LDA͒ and nonlocal ͑GGA͒ approximations to the density-functional theory to determine binding energies, equilibrium geometries, vibrational frequencies, and magnetic properties of Rh N clusters (Nр6). We present careful tests on the Rh 2 dimer that compare results as calculated with a large ͑18-single Gaussian͒ and a very large ͑23-single Gaussian͒ basis sets. While the smaller set of Gaussians leads to underconverged results, we find that the large basis set leads to converged results that are also in excellent agreement with the experimental data available for Rh 2 . The ground state of Rh 2 is confirmed to be a quintuplet, the trigonal Rh 3 is predicted to be a sextuplet, Rh 4 in its tetrahedral configuration is a singlet, Rh 5 sextuplet is a square pyramid, and Rh 6 septuplet is the octahedron. Results from several excited states are calculated and presented as well. It is found that LDA overestimates the binding energy but that GGA corrects this deficiency and predicts longer bond lengths.
I. INTRODUCTION
The last decade has seen a considerable effort invested in the study of small clusters of heavy transition metals because of their application in catalysis and chemisorption processes. Rhodium is an interesting second-row transition metal because of its high melting point and relatively low mass density. It is used primarily as an alloying agent to harden platinum and palladium, and as a catalyst in a variety of hydrocarbon oxidation reactions. Experimental ͓1-5͔ and theoretical ͓6-15͔ investigations of rhodium clusters have been pursued by several authors. It is a challenge to the various theoretical calculations to represent correctly the electron correlation to accurately account for the large number of open-shell molecular electronic states that arise from incomplete filling of the 4d states of Rh. For Rh 2 through Rh 6 existing calculations are predominantly based on localdensity approximation ͑LDA͒ theory. The LDA has some strengths and deficencies. Typically LDA yields accurate geometries ͓16-19͔, dipole moments ͓18͔, and vibrational frequencies ͓17-22͔. On the other hand, atomization energies are overestimated ͓17,18,23,24͔. Nonlocal schemes approximate the exchange-correlation energy by more sophisticated expressions that use gradients of the electronic density. For example, the generalized gradient approximation ͑GGA͒ successfully overcomes some of the LDA deficencies ͓23,25͔.
In this work we perform exhaustive all-electron LDA and GGA studies of Rh clusters containing up to six atoms. The ground state configuration of the Rh atom is a quartet ͓26,5͔. Therefore, small rhodium clusters are expected to exhibit nonzero magnetic moments. On the other hand, bulk rhodium in its fcc phase is paramagnetic. In order to account properly for the magnetic properties, a precise calculation is required. In this work the electron density is obtained from a linear combination of localized atomic orbitals. We test the quality of several extended basis sets containing 18 and 23 primitive Gaussian functions and compare the ground-state energies and interatomic bond lengths resulting from the local to the nonlocal schemes. Vibrational and magnetic properties are calculated and compared with other calculations and with experiment. The energetics of Rh 2 , Rh 3 , Rh 4 , Rh 5 , and Rh 6 is described in subsections of Sec. II. Section III gives a discussion and several concluding remarks.
II. RHODIUM. THE ATOM AND SMALL CLUSTERS
The Kohn-Sham equations ͓27͔ were solved selfconsistently using both the LDA and GGA representations of the exchange-correlation functionals. We use the PW91 local functional for the LDA calculations and the PW91 nonlocal functional for the nonlocal calculations ͓23͔. Both LDA and GGA results give a ground state 2 D with spin configuration ͓Kr͔4d ↑ 5 4d ↓ 4 as shown in Table I . However, the ground state of atomic Rh is 4 F 9/2 with configuration ͓Kr͔4d 8 s 1 ͓26͔. The energy of these two states is close, 0.62 eV apart. We attribute this discrepancy to the limitations of the exchangecorrelation representation.
A. Rh 2
The ground state of the rhodium dimer is ferromagnetic carrying a magnetic moment of 2B per atom ͓1͔. We performed LDA and GGA calculations with spin multiplicity 5 and tested the quality of various basis sets of Gaussian functions. Sets B1 through B3 consist of 18 primitive functions whereas B4 is a larger set containing 23 primitives. The 18-exponent basis set consists of even-tempered exponents which range from 0.05 to 607 500. The 23-exponent basis set consists of expo-*Electronic address: eblaiste@gmu.edu nents between 0.043 065 69 and 1.377 596 6ϫ10 7 but, rather than even tempering, each exponent has been adjusted to minimize the total energy of a spin unpolarized Rh atom ͓28͔. From the 18-exponent basis set we develop three contracted sets 8s6p5d, 11s9p8d, and 12s10p9d (B1 -B3) which include the atomic orbitals for the Rh atom plus diffuse Gaussian functions. For the 23-exponent basis set, the contraction 8s6p5d (B4) was adopted. Table II and Fig. 1 summarize the calculated properties for the ground state. The various levels of approximation of the binding energies ͑dissociation energy͒ D e as a function of interatomic bond length are illustrated in Fig. 1 . Basis sets B1 through B3 show convergence as the atomic basis becomes larger. However, the best results are obtained with B4. Binding energies are referred to the energy of two Rh 2 D atoms at infinity calculated with the same basis set. There seems to be mixing of the atomic configurations (4d 8 5s 1 ) and (4d 8 ) in the dissociation pattern of Rh 2 , making difficult the assignment of highly open shell states at long interatomic distances. As is apparent from our calculations, the quality of the calculation is strongly dependent on the basis set. A Morse function was fitted to our GGA calculation shown in Fig. 1 trometry in Ar solid matrices ͓29͔. The trimer has also been observed in mass spectra ͓3,4͔. The electron-spin resonance spectra ͓5͔ reveal that Rh 3 probably has total magnetic moments 5 and 7 B. Early ab initio investigations by Das and Balasubramanian ͓13͔ report eight doublet and quartet states in the C 2v symmetry bundled within an energy separation of 0.2 eV. More recently, extensive CI calculations ͓14͔ identify several states with multiplicity 6 and 8 within the C 2v confirming that 6 A 1 is the ground state. However, recent LDA results ͓10͔ identify a C 2v quartet as the ground state.
Our LDA and GGA calculations were both carried out with the B4 basis set. There is only one other calculation within the GGA approach for Rh 3 ͓12͔. Tables III and IV summarize our results for the D ϱh ͑linear chain͒, C 3v ͑equi-lateral triangle͒, and C 2v ͑isosceles triangle͒ symmetries. Table III shows the geometries, binding energies, normal mode vibrational frequencies, energies of the highest occupied molecular orbital ͑HOMO͒ (⑀ H ) with spin up and down, and the energy gap ⌬ between the HOMO and LUMO of one-electron states associated to spin up and down calculated at the equilibrium configuration. The binding energies were calculated with respect to the energy of three Rh 2 D atoms at infinity. The lowest-energy state of the trimer is found to correspond to the isosceles triangle with Sϭ5/2. Our best geometry in the C 2v symmetry has interatomic lengths 2.637 and 2.438 Å, comparable to the CI results 2.612 and 2.241 Å ͓14͔. On the other hand, a marked discrepancy exists between the CI calculation of the binding energy 10.794 eV ͓14͔ and our result of 5.857 eV.
Both the C 2v and C 3v symmetries exhibit a higher-energy state with Sϭ3/2. However, in the GGA approximation the Sϭ3/2 C 2v state relaxes to the C 3v symmetry at the equilibrium configuration. This relaxation effect must have been observed in Ref. ͓12͔, where the quartet C 3v was reported as the ground state. It is not clear whether Nayak et al. ͓12͔ searched for the sextuplet and found that under their nonlocal correction the quartet C 3v was more stable, or if they only searched multiplicities up to 4. For the linear chain the most stable state is a doublet.
Worth emphasizing is the importance of both the nonlocal correction and a well-balanced large basis set. These improvements over LDA permit us to predict that the sextuplet states for both C 2v and C 3v are more stable than the quartet states. LDA alone is not able to invert the ordering. In addition, we found that as a function of bond distance several states present a crossing of the HOMO and the LUMO (⌬ ϭ0) at the equilibrium geometry. In those situations it is not possible to calculate the vibrational frequencies because of the accidental degeneracy. Thus, the frequency column in Table III corresponding to those states is empty. The calculation of the normal mode frequencies of Rh 3 are the first in the literature. Table IV illustrates the changes in the binding energy as a function of bond length of the quartet and sextuplet states for the C 2v configuration. As is apparent, the GGA correction enlarges the bond lengths and decreases the binding energy. It is worthwhile noting that the GGA reduces the curvature of the energy function, which leads to a softening of the vibrational frequencies. This is in accord with the general trend that has been observed in all atomic systems that are devoid of hydrogen. For a discussion of this see Ref. ͓30͔ and references therein. The last column of Table IV When the geometry is the same for both the quartet and sextuplet states, the quartet GGA total energy is 0.144 eV higher than the sextuplet total energy. On the other hand, the small ␦⑀ϭ0.082 eV suggests that when this energy is available a flip of the minority spin will induce a transition from the quartet to the sextuplet. However, a transition from the sextuplet to the quartet requires about twice as much energy.
C. Rh 4
There are experimental indications that most of the small Rh clusters exhibit nonzero magnetic moments ͓3,4͔. For example, Rh 13 exhibits 0.48 B/atom. It is therefore possible that under certain conditions Rh 4 would be magnetic. Previous LDA calculations ͓10͔ indicate that the ground state T d of the tetramer is paramagnetic. The C 3v lower-energy state is also paramagnetic, and two higher-energy states with S ϭ2 were identified for the D 4h and D 2h symmetries. Table V and Fig. 2 summarize our results. We obtain a different ordering of states and symmetries than Yang, Toigo, and Wang ͓10͔ whereas our results agree with the findings of Nayak et al. ͓12͔ . The only three-dimensional geometry identified is the tetrahedron (T d ). This cluster is paramagnetic (Sϭ0). The trigonal pyramid C 3v is not stable and decays to the tetrahedron in both the LDA and GGA schemes. The most stable planar structure is the Sϭ2, D 4h ͑square͒ with magnetic moment of 0.5 B/atom. The D 2h ͑rhombus͒ is not stable and decays to the square for SϽ4. Binding energies of the magnetic states are about 0.2-0.4 eV above the paramagnetic ground state, and thus difficult to excite thermally at intermediate temperatures. However, it is not excluded that a transition from the nonmagnetic tetrahedron to the magnetic planar geometry would be induced under pressure. This might be the case when the tetramer is trapped in a solid matrix. The last four columns in Table V show the one-electron energy of the HOMO and the energy gap between the HOMO and the LUMO for states with spin up and down. As in the case of the trimer, some states exhibit the characteristic HOMO-LUMO crossing that disables the calculation of the vibrational frequencies. Figure 2 illustrates the binding energy as a function of bond length for two paramagnetic states and several magnetic states of the tetrahedron and the square. Once again, the GGA calculation gives slightly longer bond lengths than LDA. The frequencies of the normal modes of vibration reported in Table V are new and constitute a theoretical prediction. It would be interesting to have experimental results for comparison.
D. Rh 5
Table VI contains the results obtained for this cluster size. The most stable structure is the square pyramid C 4v in the Sϭ5/2 state. This cluster is highly magnetic, suggesting the possibility that clusters with odd number of atoms would retain a magnetic characteristic. This result was obtained within both LDA and GGA. In this geometry, there is a bundle of states with different multiplicities very close in energy. The trigonal bipyramid D 3h most stable configuration is a quartet that lies above all the square pyramid states. Yang, Toigo, and Wang ͓10͔ report the Sϭ3/2 trigonal bipyramid as the ground state. In addition, in Table VI we report the normal mode frequencies for the square pyramid and the trigonal bipyramid. The calculation of these frequencies is a major computational effort. There are no measurements of these frequencies. It would be very interesting to have experimental numbers to compare with the predictions put forward in this paper.
E. Rh 6
For this cluster size we only studied the octahedron O h in the GGA approximation. Spin states up to Sϭ4 were investigated, being the septuplet the most stable state. In LDA, Yang, Toigo, and Wang ͓10͔ reported that the octahedron is paramagnetic, which is contrary to our findings within GGA. This may be another example of a LDA deficiency that is improved by GGA. The binding energies obtained within GGA are Ϫ17.039, Ϫ16.810, Ϫ16.899, Ϫ17.294, and Ϫ17.180 eV corresponding to Sϭ0, 1, 2, 3, and 4, respectively. The bond length of the octahedron in these states is, respectively: 2.563, 2.575, 2.586, 2.598, and 2.622 Å. There is a clear trend to an expansion of the cluster as the total magnetic moment per atom increases.
III. CONCLUSION
In the study of rhodium clusters theoretical work on electron-spin magnetic ordering has taken the lead over the progress in the experimental front. Extensive calculations have been made for rhodium to understand the collective properties of their electron spins. These studies are also relevant outside the field of spin magnetism since the spin assemblies in metals are good realizations of several widely investigated model systems.
Motivated by the richness of the possible closed and opened spin configurations in rhodium, most of our work has concentrated on determining the magnetically ordered spin structures in this transition metal. It was found that different magnetic orders can coexist at room temperature for Rh 3 , Rh 5 , and Rh 6 , ͑see Tables III and VI͒ whereas on the order of 2000 K would be necessary to promote Rh 4 from a paramagnetic to a magnetic state ͑Table V͒. Prediction of the vibrational frequencies for the trimer, tetramer, and pentamer should encourage experimentalists to verify these predictions. In the case of the dimer, our frequency calculation perfectly agrees with the most recent experimental measurements. The ability to determine Rh-cluster vibrational fre- quencies is important from several standpoints. First, accurate prediction of such properties gives experimentalists an alternative means for identifying and detecting the clusters in their measurements. Second, rhodium is used as a catalyst and a complete understanding of all the processes that impact catalysis relies in part on the ability to calculate vibrational frequencies. TABLE VI. Binding energy E b , bond length r e , and vibrational frequencies of Rh 5 within LDA and GGA. For the square pyramid the first distance corresponds to the side of the base and the second one is the side to the pyramid top. For the trigonal bipyramid, the first distance represents the side of the shared equilateral triangle and the second distance corresponds to the other sides.
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